Uehara K, Morishita T, Kubota S, Hirano M, Funase K. Functional difference in short-and long-latency interhemispheric inhibitions from active to resting hemisphere during a unilateral muscle contraction. J Neurophysiol 111: 17-25, 2014. First published October 2, 2013; doi:10.1152/jn.00494.2013.-The aim of the present study was to investigate whether there is a functional difference in short-latency (SIHI) and long-latency (LIHI) interhemispheric inhibition from the active to the resting primary motor cortex (M1) with paired-pulse transcranial magnetic stimulation during a unilateral muscle contraction. In nine healthy right-handed participants, IHI was tested from the dominant to the nondominant M1 and vice versa under resting conditions or during performance of a sustained unilateral muscle contraction with the right or left first dorsal interosseous muscle at 10% and 30% maximum voluntary contraction. To obtain measurements of SIHI and LIHI, a conditioning stimulus (CS) was applied over the M1 contralateral to the muscle contraction, followed by a test stimulus over the M1 ipsilateral to the muscle contraction at short (10 ms) and long (40 ms) interstimulus intervals. We used four CS intensities to investigate SIHI and LIHI from the active to the resting M1 systematically. The amount of IHI during the unilateral muscle contractions showed a significant difference between SIHI and LIHI, but the amount of IHI during the resting condition did not. In particular, SIHI during the muscle contractions, but not LIHI, significantly increased with increase in CS intensity compared with the resting condition. Laterality of IHI was not detected in any of the experimental conditions. The present study provides novel evidence that a functional difference between SIHI and LIHI from the active to the resting M1 exists during unilateral muscle contractions. transcranial magnetic stimulation; interhemispheric inhibition; voluntary muscle contraction
INTERHEMISPHERIC INHIBITION (IHI) between both primary motor cortices (M1) can be investigated noninvasively in human subjects by using paired-pulse transcranial magnetic stimulation (TMS) (Ferbert et al. 1992) . Ferbert et al. (1992) reported that motor evoked potential (MEP) amplitude evoked by a test stimulation pulse (TS) over one M1 was reduced by a preceding suprathreshold conditioning stimulation pulse (CS) given to the contralateral M1. An interstimulus interval (ISI) of 6 -50 ms between CS and TS is suitable for eliciting IHI (Ferbert et al. 1992; Ni et al. 2009 ). In human subjects, two phases of IHI can be observed depending on ISI. IHI at ISIs of 10 and 40 ms are broadly termed short-latency (SIHI) and long-latency (LIHI) IHI, respectively, and are also thought to have different physiological origins and characteristics (Chen et al. 2003; Chowdhury et al. 1996; Irlbacher et al. 2007; Kawaguchi 1992; Sanger et al. 2001) . A number of studies have reported that IHI is predominantly mediated through the corpus callosum (Di Lazzaro et al. 1999; Ferbert et al. 1992; Wahl et al. 2007) . The corpus callosum is the biggest white matter bundle in the brain, and it anatomically and functionally connects both hemispheres (Gazzaniga 2000) .
To date, IHI has been reported to be closely associated with the process of recovery of motor functions in stroke survivors and the pathological condition of focal hand dystonia (e.g., writer's cramp) (Murase et al. 2004; Nelson et al. 2010 ). In addition, age-and task-related modulations of IHI were also observed in several studies (Hinder 2012; Hinder et al. 2010 Hinder et al. , 2012 Liuzzi et al. 2011; Morishita et al. 2012; Talelli et al. 2008; Uehara et al. 2013 ). In particular, IHI from the active to the resting M1, i.e., targeting the M1 ipsilateral to the muscle contraction side (ipsi-M1), induced during a unilateral muscle contraction has received a lot of attention because this phenomenon plays an important role in preventing unintended activity in a muscle of the opposite limb (i.e., mirror movement) (Beaulé et al. 2012; Hübers et al. 2008) . Several lines of evidence have demonstrated that the amount of SIHI targeting the ipsi-M1 is significantly increased (Ferbert et al. 1992; Hinder et al. 2010; Morishita et al. 2012; Talelli et al. 2008; Uehara et al. 2013; Vercauteren et al. 2008) or decreased Perez and Cohen 2008; Sattler et al. 2012) by unilateral muscle contractions compared with when both arms were at rest. It is suggested that SIHI targeting the ipsi-M1 may have great sensitivity to voluntary contractions. However, little is known about the extent to which LIHI targeting the ipsi-M1 is affected by a unilateral voluntary contraction of a distal hand muscle.
As described above, paradoxical results regarding modulations of IHI were detected in previous studies because setting of the CS intensity obviously differed among these studies. It is well known that unilateral voluntary contractions can increase corticospinal tract excitability originating in the contralateral M1 that results from voluntary drive and afferent feedback (Hess et al. 1986; Kaneko et al. 1996a) . Similarly, when a unilateral voluntary contraction is performed contralateral to the CS side, greater corticospinal tract excitability is detected from the contralateral M1 (CS side) compared with the resting state. Hence, two types of CS intensity setting have been reported to assess the amount of IHI targeting the ipsi-M1. In one type, CS intensity is readjusted to evoke the same size of MEP amplitude induced in the active muscle contraction as that induced in the resting state Perez and Cohen 2008; Sattler et al. 2012 ). In the other type, the CS intensity is not adjusted, regardless of the experimental conditions (Ferbert et al. 1992; Hinder et al. 2010; Morishita et al. 2012; Talelli et al. 2008; Uehara et al. 2013; Vercauteren et al. 2008) . The reason for taking the CS intensity into account is that the amount of IHI significantly depends on the CS intensity, i.e., the amount of IHI is decreased with weaker CS intensity (De Gennaro et al. 2004a; Ferbert et al. 1992; Hanajima et al. 2001; Ni et al. 2009 ). Hence, setting of the CS intensity for evoking IHI targeting the ipsi-M1 during a unilateral voluntary contraction has still been a controversial issue. However, it has been suggested that IHI without adjustment of the CS intensity may produce a "true" reflection of how changes in the M1 contralateral to a muscle contraction (i.e., CS side) influence IHI onto the M1 ipsilateral to the muscle contraction (i.e., TS side) during a unilateral muscle contraction (Hinder et al. 2010; Perez and Cohen 2008) .
To the best of our knowledge, there is no systematic study regarding the relationship between different CS intensities and modulations of SIHI and LIHI targeting the ipsi-M1 from the dominant to the nondominant hemisphere and vice versa in right-handed healthy subjects while performing a unilateral voluntary muscle contraction. In addition, the effects of muscle force output levels produced by a unilateral muscle contraction on IHI targeting the ipsi-M1 have hardly been investigated, except for a few studies (Perez and Cohen 2008; Hinder et al. 2010) .
The goal of the present study was to systematically explore whether the differences between modulations of SIHI and LIHI targeting the ipsi-M1 are detectable while performing unilateral voluntary muscle contractions. Particularly, we focused on whether these modulations depend on differences in CS intensities, unilateral muscle force output levels, and laterality. We hypothesized that each amount of IHI targeting the ipsi-M1 would vary according to the absence or presence of the unilateral muscle contraction and differences in force output levels. The results of the present study may further enhance understanding of neurophysiological characteristics of IHI targeting the ipsi-M1.
METHODS

Subjects.
Nine healthy volunteers [6 men, 3 women; 23.8 Ϯ 2.7 yr (mean Ϯ SD)] participated in the present study. Handedness was confirmed with the Edinburgh Handedness Inventory (EHI) (Oldfield 1971) . If the EHI score was Ͼ70%, the volunteers were considered to be right-handed. The mean (ϮSD) EHI score was 85.5 Ϯ 14.2%, indicating that all participants were right-handed. All volunteers gave written informed consent. All experimental procedures were carried out in accordance with the Declaration of Helsinki and were approved by the local ethics committee at Hiroshima University.
Unilateral isometric muscle contraction. The subjects were comfortably seated on a reclining chair and instructed to put both hands on a horizontal plate attached to the chair's armrests. Prior to the beginning of each experimental session, we measured the force output of unilateral index finger abduction at maximum voluntary contraction (MVC) against an immobile bar with a force sensor to provide a reference value for each individual and the 10% and 30% MVC values for each individual were calculated. We loosely fixed each subject's unilateral index finger to the immobile bar, using a few rubber bands to maintain contact between the index finger and the force sensor. The force signal was amplified by a strain amplifier (model 6M82, NEC San-ei), which was connected to the force sensor. Each subject's force output and target were displayed on an oscilloscope monitor, which was placed ϳ1 m in front of the subject. Two lines were displayed: one representing the force output being generated by the subjects and the other representing the target force output (10 or 30% MVC) for each subject. We instructed the subjects to perform a sustained unilateral isometric contraction of index finger abduction at each target force output level. In particular, they were asked to keep the beam line representing their actual force output on the beam line representing the target force output as much as possible for ϳ3-4 s in response to "on" and "off" signals, which were given as verbal commands by the experimenter (Fig. 1B) . The opposite hand was completely relaxed in a pronated position. In addition, MEP, F wave, and IHI targeting the ipsi-M1 were also assessed when both arms were at rest, and this was defined as the control condition. Thus experimental conditions in the present study were as follows: 1) unilateral sustained isometric contraction at 10% MVC, 2) unilateral sustained isometric contraction at 30% MVC, and 3) control condition. To examine IHI targeting the ipsi-M1 from the dominant to the nondominant and vice versa, these tasks were performed with each hand as separate trials on a different day. The experimental sessions were at least a week apart from each other.
Electromyogram recordings. Surface electromyogram (EMG) was recorded in the right and left first dorsal interosseous (FDI) muscle with 9-mm-diameter Ag-AgCl surface cup electrodes. The EMG activity was amplified at a bandwidth of 5 Hz to 3 kHz, and all amplification procedures were controlled with a signal processer (model 7S12, NEC San-ei). The analog outputs from the signal processor were digitized at a sampling rate of 10 kHz and saved on a computer for off-line analysis (PowerLab system, AD Instruments).
Measurement of ipsi-M1 excitability. Magnetic stimulation was delivered to the M1 with a Magstim 200 stimulator (Magstim) via a figure-of-eight-shaped coil with an external diameter of 90 mm. The coil was placed tangentially to the scalp with its handle pointing backward and rotated ϳ45°away from the midsagittal line. This coil orientation is reported to be able to induce a posterior-anterior current within M1 (Kaneko et al. 1996b; Nakamura et al. 1996) . We found the optimal stimulus site for evoking MEP in the FDI muscle contralateral to the stimulation side by moving the coil in 1-cm steps around the hand motor area within the M1. To ensure an identical position of the coil throughout the experiment, the optimal site was marked with a pen on a swimming cap covering the subject's scalp. Resting motor threshold (RMT) was defined as the lowest stimulus intensity obtained that evoked an MEP of at least 50-V amplitude in the relaxed FDI muscle in 5 of 10 trials. The TS intensity was set to evoke ϳ1 mV of MEP amplitude in the relaxed FDI muscle. For the TMS trigger, a TMS pulse was given by manual triggering while the subjects maintained a steady force output from the onset to the end of the isometric contraction. Twelve trials were performed to obtain MEP induced in each FDI (i.e., dominant and nondominant hands) during each condition. The magnetic pulse was delivered to the M1 at 7-to 10-s intervals. The experimental order was randomized for each subject.
Measurement of IHI targeting ipsi-M1.
A CS was given to the optimal hot spot in one M1 at an ISI of 10 or 40 ms before a TS delivered to a contralateral optimal hot spot in the M1. SIHI and LIHI targeting the ipsi-M1 (i.e., the resting M1) were tested from the dominant toward the nondominant hemisphere and vice versa, while subjects performed a unilateral sustained isometric contraction or maintained the resting state in both arms. Thus we always investigated IHI from the active to the resting M1. Two figure-of-eight-shaped coils with an external diameter of 90 mm were connected to two Magstim 200 stimulators to measure IHI from the active to the resting M1. Each coil was placed over the optimal site to evoke MEP in the FDI muscle within each hemisphere (Fig. 1A) . The CS and TS were administered through each coil. As for the timing of the TMS trigger, the CS pulse was given while the subjects maintained a steady force output from the onset to the end of the isometric contraction. The position of the coil handle for delivering the CS was oriented at 90°r elative to the midsagittal line (i.e., lateral-medial current), and the position for delivering the TS was oriented at 45°relative to the midsagittal line. These coil handle directions were chosen because it was not possible to place both coils on the subject's scalp at the optimal site with the handle pointing backwards and laterally 45°b ecause of overlapping of the two coils. Chen et al. (2003) reported that the amount of IHI was not subject to a difference in the current direction of the CS, suggesting that the lateral-medial current direction for the CS can substantially induce IHI, as is the case in the posterioranterior current direction.
The CS intensity was varied within an experimental session, and we adopted four CS intensities ranging from 0.8 to 1.4 ϫ RMT in 0.2 ϫ RMT steps to assess modulations in IHI systematically. The reason for employing those intensities is that the amount of IHI has been reported to depend on the CS intensity (Chen et al. 2003; Ni et al. 2009; Vercauteren et al. 2008 ). The TS intensity was adjusted to evoke the peak-to-peak MEP amplitude of 1.0 -1.5 mV induced in the right or the left FDI muscle depending on each condition. Twelve unconditioned MEPs and twelve conditioned MEPs were collected from each hand in each condition, ISI, and CS intensity. The magnetic pulse was delivered to the M1 at 7-to 10-s intervals. The experimental order was randomized for each subject.
Measurement of spinal activity. We investigated modulations in spinal motoneuron activity with an electrically induced F wave while subjects performed unilateral muscle contractions at each force output level and maintained the resting state in both hands. To evoke the F wave in the relaxed FDI muscle contralateral to the contraction side, maximum electrical stimulation (1-ms width of square pulse) was applied to the ulnar nerve innervating the relaxed FDI muscle with a bar-type electrode. A TS intensity was set at 1.5 ϫ the maximum motor response evoked in the relaxed FDI muscle. As for timing of the trigger, the electrical stimulation was delivered while the subjects maintained a unilateral isometric contraction of the FDI muscle at 7-10 s of the intertrial interval. In addition, F waves were also recorded with both hands at rest as a control condition. Thirty F waves in the relaxed FDI muscle were collected for each hand and condition.
Data and statistical analysis. MEP amplitude was analyzed as a peak-to-peak value and expressed as a percentage of the mean MEP amplitude induced in the resting condition, as well as the mean F-wave amplitude. The conditioned MEP amplitude (i.e., IHI) was also expressed as a percentage of the mean unconditioned MEP amplitude induced in each condition. A rectified EMG activity for the 100-ms window in the active FDI muscle prior to the TMS trigger was calculated as the iEMG value by using "integral Abs," Scope version 3.7.6, PowerLab system. The iEMG values were expressed as percentages of the iEMG value in the MVC. iEMG, F wave, and MEP were analyzed by a two-way repeated-measures analysis of variance (ANOVA) with factors of "side" (left, right) and "condition" (10% MVC, 30% MVC). RMTs for both M1 representations of the right and left FDI muscles were analyzed with a paired t-test. To confirm the size of unconditioned MEP amplitudes that were adjusted among the experimental conditions, a three-way repeated-measures ANOVA with factors of "side" (left, right), "ISI" (10 ms, 40 ms), and "condition" (rest, 10% MVC, 30% MVC) was performed. A four-way repeated-measures ANOVA with factors of "side" (left, right), "condition" (rest, 10% MVC, 30% MVC), "ISI" (10 ms, 40 ms), and "CS intensity" (0.8, 1.0, 1.2, 1.4 ϫ RMT) on IHI was also performed. Furthermore, we analyzed the difference in the amount of IHI seen in the resting state between the ISIs of 10 and 40 ms, using a three-way repeated-measures ANOVA with factors of "ISI" (10 ms, 40 ms), "side" (left, right), and "CS intensity" (0.8, 1.0, 1.2, 1.4 ϫ RMT). Bonferroni's post hoc tests for multiple compressions were used when ANOVA showed a significant main effect. In all analyses, the significant threshold was set at P Ͻ 0.05. If EMG activity exceeding a noise level of 25 V was detected in the relaxed FDI muscle contralateral to the contraction side, this trial was removed from data analysis (Muellbacher et al. 2000; Uehara et al. 2013 1 . A: experimental setup. Subjects were instructed to perform a sustained isometric contraction of the index finger abduction at 10% and 30% maximum voluntary contraction (MVC) when the opposite hand muscles were relaxed. To perform the isometric contractions as accurately as possible, we used an oscilloscope monitor as visual feedback. We investigated short-latency (SIHI) and long-latency (LIHI) interhemispheric inhibition targeting the ipsilateral primary motor cortex (ipsi-M1) from the nondominant to the dominant hemisphere and vice versa (bottom) in right-handed healthy subjects. CS, conditioning stimulus; TS, test stimulation. B: typical waveforms recorded during sustained unilateral muscle contractions produced by the first dorsal interosseous (FDI) muscle from a representative subject are shown. The EMG signals in each condition were rectified.
RESULTS
Mean (ϮSD) RMTs for both M1 representations of the right and left FDI muscles were 43.2 Ϯ 6.66% and 44.3 Ϯ 6.26% of maximal stimulator output, respectively. There was no significant difference in RMT between M1s (t ϭ 0.81, df ϭ 8, P ϭ 0.43, d ϭ 0.20). Mean iEMGs in each condition are shown in Fig. 2A . Each force output level produced by the FDI muscle was well matched with each target force. A significant difference in the degree of MVC between 10% and 30% MVC was detected without laterality by a two-way repeated-measures ANOVA (condition: F 2,16 ϭ 522, P Ͻ 0.01, p 2 ϭ 0.97; side: F 1,8 ϭ 2.72, P ϭ 0.13, p 2 ϭ 0.25; condition ϫ side: F 2,16 ϭ 1.17, P ϭ 0.33, p 2 ϭ 0.03). Modulations of ipsi-M1 excitability. Typical waveforms induced in the resting right and left FDI muscles during unilateral muscle contractions are shown in Fig. 2C . The MEPs in both FDI muscles increased with increasing muscle contraction level. MEPs in the resting right FDI induced during the left FDI contraction were greater than those in the resting left FDI induced during the right FDI contraction, even though the MEPs in the rest condition did not differ between the right and left FDI muscles. Mean MEP amplitudes induced in both FDI muscles during unilateral muscle contractions at each force output level are shown in Fig. 2D . A two-way repeatedmeasures ANOVA detected a significant main effect of condition (F 1,8 ϭ 10.2, P Ͻ 0.01, p 2 ϭ 0.56) and no main effect of side (F 1,8 ϭ 4.49, P ϭ 0.06, p 2 ϭ 0.35). There was no significant interaction between the two main effects (F 1,8 ϭ 0.98, P ϭ 0.35, p 2 ϭ 0.10). MEPs induced in both FDI muscles in the 10% and 30% MVC conditions were increased relative to those seen in the resting condition. In addition, MEPs in both FDI muscles seen in the 30% MVC condition were significantly increased compared with those seen in the 10% MVC condition (P Ͻ 0.05).
Modulations of spinal motoneuron activity. Mean F-wave amplitudes induced in both resting FDI muscles during the unilateral muscle contraction are shown in Fig. 2B . A two-way repeated-measures ANOVA detected no significant main effects or interaction (condition: F 1,8 ϭ 1.28, P ϭ 0.29, p 2 ϭ 0.13; side: F 1,8 ϭ 2.95, P ϭ 0.12, p 2 ϭ 0.26; condition ϫ side: F 1,8 ϭ 0.11, P ϭ 0.74, p 2 ϭ 0.01). This indicates that the spinal motoneuron activity induced during the unilateral muscle contractions did not differ significantly as a function of hand or muscle contraction levels.
Modulations of IHI targeting the ipsi-M1. Mean unconditioned MEP amplitudes are summarized in Table 1 . We adjusted the unconditioned MEP amplitudes induced by each condition to ϳ1 mV in all experimental conditions. A threeway repeated-measures ANOVA on the unconditioned MEP amplitudes detected no significant main effects or interactions (ISI: F 1,8 ϭ 0.01, P ϭ 0.90, p 2 Ͻ 0.01; side: F 1,8 ϭ 1.27, P ϭ 0.29, p 2 ϭ 0.13; condition: F 2,8 ϭ 1.38, P ϭ 0.27, p 2 ϭ 0.14; ISI ϫ side: F 1,8 ϭ 0.22, P ϭ 0.64, p 2 ϭ 0.02; ISI ϫ condition: F 2,16 ϭ 1.07, P ϭ 0.36, p 2 ϭ 0.14; side ϫ condition: F 2,16 ϭ 1.07, P ϭ 0.36, p 2 ϭ 0.11; ISI ϫ side ϫ condition: F 2,16 ϭ 0.31, P ϭ 0.73, p 2 ϭ 0.03), indicating that the unconditioned MEP amplitudes were well adjusted throughout experimental sessions. In addition, we confirmed the differences between SIHI and LIHI seen in the resting condition, using a three-way repeated-measures ANOVA. A significant main effect of CS intensity (F 3,24 ϭ 45.9, P Ͻ 0.01, p 2 ϭ 0.85) and no main effects of side (F 1,8 ϭ 0.51, P ϭ 0.49, p 2 ϭ 0.06) or ISI (F 1,8 ϭ 3.90, P ϭ 0.08, p 2 ϭ 0.32) were detected. There were no significant interactions (ISI ϫ side: F 1,8 ϭ 0.01, P ϭ 0.91, p 2 Ͻ 0.01; ISI ϫ CS intensity: F 2,16 ϭ 1.59, P ϭ 0.21, p 2 ϭ 0.16; side ϫ CS intensity: F 3,24 ϭ 0.92, P ϭ 0.44, p 2 ϭ 0.10; ISI ϫ side ϫ CS intensity: F 3,24 ϭ 0.70, P ϭ 0.55, p 2 ϭ 0.08) This indicates that the amounts of IHI seen in the rest conditions were not significantly different between ISIs of 10 and 40 ms. Mean SIHI and LIHI targeting the ipsi-M1 from the nondominant to the dominant hemisphere and vice versa in right-handed healthy subjects and the summary of ANOVA are shown in Fig. 3 and Table 2 , respectively. A four-way repeated-measures ANOVA showed significant main effects of ISI (F 1,16 ϭ 39.6, P Ͻ 0.01, p 2 ϭ 0.50) and CS (F 3,48 ϭ 87.0, P Ͻ 0.01, p 2 ϭ 0.84) and interaction between ISI and condition (F 2,32 ϭ 6.88, P Ͻ 0.01, p 2 ϭ 0.30). No significant main effects of side (F 1,16 ϭ 1.38, P ϭ 0.26, p 2 ϭ 0.07) or condition (F 2,32 ϭ 1.65, P ϭ 0.20, p 2 ϭ 0.09) were detected. Post hoc comparisons revealed that SIHI showed a significant difference among the conditions while LIHI did not. In particular, SIHI seen in the 10% and 30% MVC conditions resulted in significantly greater inhibition with increasing CS intensity compared with that seen in the rest condition (P Ͻ 0.05) (Fig.  3A) as well as SIHI targeting ipsi-M1 from the dominant to the nondominant hemisphere during the voluntary muscle contraction produced by the right FDI (P Ͻ 0.05) (Fig. 3C) . However, there was no significant difference in SIHI between the 10% and 30% MVC conditions (P Ͼ 0.05), except for IHI from the dominant to the nondominant hemisphere at the CS intensity of 1.0 ϫ RMT (P Ͻ 0.05). On the other hand, LIHI targeting the ipsi-M1 showed no significant difference among conditions. These results indicate that there is a significant difference between SIHI and LIHI targeting the ipsi-M1 that depends on the presence or absence of voluntary muscle contractions, and these did not vary whether the IHI was measured from the nondominant to the dominant hemisphere or vice versa. Values [in mV, with % of maximal stimulator output (MSO) in parentheses] are mean Ϯ SD test stimulus intensities for evoking ϳ1 mV of the unconditioned motor evoked potential (MEP) amplitude induced in each condition.IHI, interhemispheric inhibition; SIHI, short-latency IHI; LIHI, long-latency IHI; M1, primary motor cortex; MVC, maximum voluntary contraction. 
DISCUSSION
The present study was designed to understand a functional difference in SIHI (i.e., ISI of 10 ms) and LIHI (ISI of 40 ms) targeting the ipsi-M1 from the dominant to the nondominant hemisphere and vice versa during rest and unilateral muscle contraction conditions. To explore the functional difference, both SIHI and LIHI were systematically tested with CS intensity changes, two different muscle force output levels, and laterality. The main findings of the present study were as follows: 1) a unilateral voluntary contraction produced by the FDI muscle resulted in a significant increase in SIHI targeting the ipsi-M1 compared with the rest condition; 2) such inhibitory phenomena were not found in LIHI targeting the ipsi-M1; 3) an asymmetry of SIHI targeting the ipsi-M1 was not detected across the experimental conditions as well as LIHI targeting the ipsi-M1. We provide novel evidence showing that SIHI and LIHI targeting the ipsi-M1 induced during unilateral muscle contractions play different roles for modulations of interhemispheric balances between the M1s.
Muscle force output level. In the single-pulse TMS study, changes in MEP amplitude in each relaxed FDI muscle induced during a unilateral sustained muscle contraction were increased with increase in muscle force output level. Furthermore, we detected a significant difference in MEP amplitude in each relaxed FDI between the 10% and 30% MVC conditions (see Fig. 2, C and D) , in agreement with previous reports (Muellbacher et al. 2000; Perez and Cohen 2008) . In addition, although it did not reach a statistically significant level, the F wave in the relaxed FDI muscle produced by the unilateral muscle contractions, which reflects excitability of anterior horn cells in the spinal cord, was increased with increasing force output levels. It is suggested that at least spinal motoneuron activities are involved in modulations of MEP in the relaxed FDI muscle.
Here we noted a paradoxical relationship between modulations of the ipsi-M1 excitability and SIHI, showing that although the ipsi-M1 excitability was increased, strong SIHI targeting the ipsi-M1 was observed during the unilateral muscle contractions. One of the potential explanations is that SIHI targeting the ipsi-M1 does not directly inhibit interneurons surrounding pyramidal tract neurons within the ipsi-M1. Daskalakis et al. (2002) investigated the effect of SIHI on short-latency intracortical inhibition (SICI) within the M1 of the TS side using a triple-pulse TMS paradigm and demonstrated that SIHI has the ability to inhibit the SICI circuit within the M1 of the TS side under the resting condition. Thus it is a possibility that the facilitatory effects of the ipsi-M1 excitability during unilateral muscle contractions seen in the present study result from diminution of the SICI circuit within the ipsi-M1, which is induced by SIHI onto the ipsi-M1. However, further experiments will be required to address the mechanism as described above.
The present study shows a different perspective on IHI targeting the ipsi-M1. Although excitability of the ipsi-M1 significantly differed between the 10% and 30% MVC conditions while subjects performed unilateral muscle contractions, the amount of SIHI targeting the ipsi-M1 did not differ between those conditions. Hinder et al. (2010) tested SIHI targeting the ipsi-M1 induced during two types of unilateral muscle contractions (tonic and ballistic) at three different muscle contraction strengths (5%, 15%, and 30% MVC) and demonstrated that increases in SIHI targeting the ipsi-M1 were significantly observed with increasing muscle contraction strengths in the tonic and ballistic contractions. Moreover, Perez and Cohen (2008) reported that SIHI targeting the ipsi-M1 induced during unilateral muscle contractions at 30% and 70% MVC significantly decreased relative to that at 10% MVC, and it was concluded that the amount of IHI may be subject to the force output level produced by the target muscle. One of the reasons for not detecting a significant difference in SIHI targeting the ipsi-M1 between the 10% and 30% MVC conditions in the present study is that a floor effect of SIHI was induced because of the high CS intensity (1.4 ϫ RMT) when the subjects performed the unilateral muscle contractions in the 10% and 30% MVC conditions. However, SIHI at CS intensities of 1.0 and 1.2 ϫ RMT also showed no significant difference between the 10% and 30% MVC conditions, except for SIHI from the dominant to the nondominant hemisphere at the CS intensity of 1.0 ϫ RMT (see Fig. 3, A and C) . Therefore, we are able to rule out the possibility of the floor effect of the SIHI when the subjects performed unilateral muscle contractions at 10% and 30% MVC. Taken together, at least below 30% MVC, SIHI onto the ipsi-M1 might not be sensitive enough to discriminate the strength of the unilateral muscle contraction.
The present study provides novel evidence that the amount of LIHI targeting the ipsi-M1 observed in the unilateral muscle contractions did not differ significantly from that observed in the resting condition. Chen et al. (2003) demonstrated that SIHI (ISI of 8 ms) targeting the contralateral M1 (contra-M1) induced during unilateral muscle contractions differed from LIHI targeting the contra-M1 (ISI of 40 ms). Thus SIHI targeting the contra-M1 seems to be more sensitive than LIHI during the muscle contraction, as found in the present study. An ipsilateral silent period (iSP) is another well-known measurement technique of the transcallosal interaction that induces a short attenuation or an interruption of ongoing EMG activity in hand muscles in response to single-pulse TMS delivered to Results of 4-way repeated-measures ANOVA with factors of "side," "condition," "interstimulus interval (ISI)," and "conditioning stimulus intensity (CS)" on IHI targeting the M1 ipsilateral to the muscle contraction side (ipsi-M1) are shown. df, Degrees of freedom; p 2 , partial 2 . Bold values indicate a significant difference.
the M1 ipsilateral to the hand muscles (Ferbert et al. 1992; Wassermann et al. 1991) . It has been suggested that LIHI appears to share neural circuits with the iSP, while SIHI does not (Chen et al. 2003) . Pharmacological studies combining an oral dose of a medicine and paired-pulse TMS confirmed that LIHI is mediated by GABA B receptors (Irlbacher et al. 2007) , and indirect evidence was reported that SIHI is also GABA B receptor-mediated inhibition (Daskalakis et al. 2002) . However, other studies in human subjects suggested that the GABA B receptor does not significantly contribute to SIHI (Muller-Dahlhaus et al. 2008) , and a GABA B agonist (baclofen) did not significantly enhance SIHI (IrIbacher et al. 2007 ). On the other hand, animal studies suggested that SIHI might be mediated by GABA A ergic circuits (Chowdhury et al. 1996; Kawaguchi 1992 ). Thus the relationship between an inhibitory neural receptor and SIHI is inconclusive and requires further experiments. Nevertheless, there are at least some differences between SIHI and LIHI at the neural transmitter regulation level. CS intensity. As described above, the CS intensity given to the contra-M1 is one of the important factors for evoking IHI (De Gennaro et al. 2004a; Harris-Love et al. 2007; Vercauteren et al. 2008 ). In particular, under a unilateral muscle contraction, setting of the CS intensity for evoking IHI targeting the ipsi-M1 remains a matter of debate. Several studies investigating IHI targeting the ipsi-M1 Perez and Cohen 2008; Sattler et al. 2012 ) used an adjusted CS intensity that was set at ϳ1 mV of MEP amplitude across the experimental conditions because MEP amplitudes induced in the CS side are increased because of voluntary drives produced by the contralateral muscle relative to those in the resting condition (Hess et al. 1987; Ugawa et al. 1995) . To adjust the CS intensity in the unilateral muscle contraction to that in the resting condition, they reduced the CS intensity to produce ϳ1 mV of MEP amplitude in the target muscle contralateral to the CS side. These studies reported that the amount of SIHI targeting the ipsi-M1 was reduced by unilateral muscle contractions Perez and Cohen 2008; Sattler et al. 2012) . On the other hand, other studies (Hinder et al. 2010; Morishita et al. 2012; Uehara et al. 2013; Vercauteren et al. 2008 ) used an unadjusted CS intensity to assess the amount of SIHI targeting the ipsi-M1 while performing a unilateral muscle contraction and reported that strong IHI targeting the ipsi-M1 was observed, similar to the results seen in the present study. Thus the amount of IHI targeting the ipsi-M1 obviously differs between the adjusted and unadjusted CS intensities. However, it is considered that the adjustment of the CS intensity across an experimental condition might be not sensitive enough to induce "true" interhemispheric interactions due to a deficiency in the CS intensity. In this regard, the present study has the strong point that we systematically investigated whether the amount of SIHI targeting the ipsi-M1 induced during unilateral muscle contractions differs significantly from LIHI targeting the ipsi-M1 with four CS intensities, which were set from subthreshold to suprathreshold for M1. Therefore, we were able to detect a significant difference between SIHI and LIHI targeting the ipsi-M1 during the unilateral muscle contractions through a wide range of CS intensity.
Laterality of IHI targeting ipsi-M1.
We investigated whether laterality of IHI targeting the ipsi-M1 could be observed when the subjects relaxed both hands or performed a unilateral muscle contraction at two force output levels. The results of the present study showed that laterality of IHI was not observed under any conditions or ISIs. Several previous studies reported that asymmetries of SIHI were observed at rest or unilateral muscle contraction (around 10% MVC) conditions (Baumer et al. 2007; Netz et al. 1995) . In contrast, an asymmetry of SIHI was not detected at rest in subjects with either handedness (De Gennaro et al. 2004b) as well as performing a unilateral sustained isometric contraction with finger muscles while holding a pen (Sattler et al. 2012) . Although the present study did not detect any asymmetry of SIHI and LIHI targeting the ipsi-M1 while subjects were resting or performing unilateral muscle contractions in either hand, asymmetric modulations of excitability of the ipsi-M1 tended to be detected while they performed the unilateral muscle contractions in each MVC condition (P ϭ 0.06). In particular, the ipsi-M1 excitability induced during the unilateral muscle contractions with the nondominant hand was greater than that with the dominant hand, regardless of the force output level. A previous TMS study demonstrated that corticospinal excitability originating in the contra-M1 was increased when the nondominant hand was used compared with the dominant hand (Semmler and Nordstrom 1998) . A mapping study using TMS reported that the M1 representation of the right finger muscle area (i.e., left M1) was larger than that of the left finger muscle area (i.e., right M1) in right-handed subjects (Triggs et al. 1999) . A paired-pulse TMS study reported that strong SICI was detected in the dominant M1 compared with the nondominant M1 in right-handed subjects (Ilic et al. 2004 ). One interpretation is that the dominant hand accomplishes skilled motor tasks (e.g., using a pen or chopsticks) relative to the nondominant hand in daily life. Thus it is a possibility that a difference of manual dexterity elicits laterality of M1. One of the reasons for not detecting laterality of IHI targeting the ipsi-M1 is that the difficulty of a task might influence laterality of IHI. The present study employed a simple muscle contraction task with the finger muscle. Interestingly, a recent study demonstrated that asymmetric change in SIHI targeting the ipsi-M1 was observed during a fine motor task with finger muscles using chopsticks (Morishita et al. 2013 ). Perhaps more complex or finer motor tasks might elicit an asymmetric change in IHI targeting the ipsi-M1 from the dominant to the nondominant hemisphere or vice versa.
Conclusion. We designed the present study to investigate whether a functional difference between SIHI and LIHI targeting the ipsi-M1 induced during a unilateral muscle contraction from the dominant to the nondominant hemisphere and vice versa could be detected in healthy right-handed participants. To investigate this systematically, we focused on the CS intensity, muscle force output level, and laterality. The present study demonstrated that the functional difference between SIHI and LIHI targeting the ipsi-M1 was significantly observed during the unilateral muscle contraction, regardless of the muscle contraction level. The main findings of the present study provide fundamental and applicable evidence for an investigation of IHI in human subjects.
